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Devices and methods are provided for drug delivery. The
device may include a housing having a first compartment
containing a drug 1n a dry, solid form, a second compartment
containing a liquid carrier for the drug, and an expansion
member located within or adjacent to the first or second
compartment. The second compartment may be fluidly con-
nectable to the first compartment by a rupturable barrier or
mechanical valve. The device may also include an actuation
system configured to expand the expansion member to
rupture the rupturable barrier or open the mechanical valve
and permit the liquid carrier to flow into the first compart-
ment and mix with the drug to form a reconstituted drug

solution.
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DRUG RECONSTITUTION AND DELIVERY
DEVICE AND METHODS

FIELD

The present disclosure 1s generally in the field of drug
delivery devices and methods, and more particularly to
devices and methods for reconstituting and delivering drugs
to human or animal subjects.

BACKGROUND

Drug delivery devices commonly store drug solutions
on-board for delivery to patients. However, active drug
formulations stored 1n solution often degrade quickly, losing
potency and resulting 1n shortened device sheli-life. Drug
solutions may also be prepared manually at the time of
administration, requiring healthcare professionals to prepare
and administer drug solutions to patients at specific times.
Accordingly, it would be desirable to provide improved
devices and methods to store, reconstitute, and deliver drug
solutions to human or animal patients.

SUMMARY

In one aspect, a drug delivery device 1s provided. The
device includes a housing having a first compartment con-
taining a drug 1n a dry, solid form; a second compartment
contaiming a liquid carrier for the drug; and an expansion
member located within or adjacent to the first or second
compartment. The second compartment 1s fluidly connect-
able to the first compartment by a rupturable barrier or
mechanical valve. The device also includes an actuation
system configured to expand the expansion member to
tacilitate mixing of the drug with the liquid excipient to form
a reconstituted drug solution, to rupture the rupturable
barrier or open the mechanical valve, and/or to drive release
of the reconstituted drug solution out of the device. In one
case, the actuation system 1s configured to expand the
expansion member, first, to rupture the rupturable barrier or
open the mechanical valve, and, then, to mix the liquid
carrier with the drug. In another case, the rupturable barrier
1s ruptured or the mechanical valve 1s opened independently
from expansion of the expansion member. In such a case, the
expansion member 1s expanded to mix the liquid carrier with
the drug and to expel the resulting reconstituted drug solu-
tion ifrom the device after the rupturable barrier 1s ruptured
or the mechanical valve 1s opened by a means other than
expansion of the expansion member.

In another aspect, a method 1s provided for delivering a
drug to a human or animal subject. The method includes (1)
deploying a drug delivery device into the subject, wherein
the drug delivery device includes a first compartment con-
taining a drug in a dry, solid form, a second compartment
containing a liquid carrier for the drug, and an expansion
member; (1) expanding the expansion member to rupture a
rupturable barrier or open a mechanical valve, to mix the
liquid carrier with the drug to form a reconstituted drug
solution, and then (1) releasing the reconstituted drug
solution from the first and/or second compartment. In an
alternative embodiment, the rupturable barrier 1s ruptured or
the mechanical valve opened before the device 1s deployed
into a subject. In that embodiment, the rupturing of the
rupturable barrier or opening of the mechamical valve to
place the first and second compartments in fluid communi-
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cation with one another may occur 1n a separate step from
the expanding of the expansion member.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1D are cross-sectional views, illustrating one
embodiment of a drug delivery device having two compart-
ments connectable by a rupturable barrier, and an expansion
member, 1n a tissue lumen.

FIGS. 2A-2D are cross-sectional views, 1illustrating one
embodiment of a drug delivery device having two compart-
ments connectable by a mechanical valve, and an expansion
member.

FIGS. 3A-3D are cross-sectional views, illustrating one
embodiment of a drug delivery device having two compart-
ments connectable by a rupturable barrier, and an expansion
member having a spike member.

FIGS. 4A-4D are cross-sectional views, illustrating one
embodiment of a drug delivery device having two compart-
ments connectable by a rupturable barrier, and an expansion
member having a spike member.

FIGS. SA-5D are cross-sectional views, 1illustrating one
embodiment of a drug delivery device having two compart-
ments connectable by a mechanical valve, and an expansion
member having a protrusion member.

FIG. 6 1s a cross-sectional view, illustrating one embodi-
ment of a drug delivery device having two housings having
two compartments and an expansion member.

FIG. 7 1s a cross-sectional view, illustrating one embodi-
ment of a drug delivery device having two compartments
connectable by a mechanical valve, and an expansion mem-
ber.

DETAILED DESCRIPTION

The devices and methods described herein provide for the
storage, reconstitution, and delivery of drug solutions. The
devices, which generally are configured for 1n vivo deploy-
ment (1.e., implantation), are advantageously configured to
separately store a drug in a dry, solid form and a liquid
carrier for the drug, thereby allowing for improved sheli-life
and drug potency. The devices also advantageously allow for
in vivo reconstitution and delivery of the drug solution
accordingly to a specific release timing profile.

In one aspect, a device for drug delivery 1s provided. As
shown 1n FIG. 1A, the device 100 has a housing 102 which
includes a first compartment 104 containing a drug 106 1n a
dry, solid form and a second compartment 108 containing a
liquid carrier 110 for the drug. The second compartment 108
1s fluidly connectable to the first compartment 104 by a
rupturable barrier or mechanical valve 112. The housing also
includes an expansion member 114 located within or adja-
cent to the second compartment 108. Device 100 also
includes an actuation system 116 configured to cause the
expansion member to expand and rupture the rupturable
barrier or open the mechanical valve 112 and thereby permit
the liquid carrier 110 to flow into the first compartment 104
and mix with the drug 106 to form a reconstituted drug
solution or suspension.

In another aspect, a method of delivering a drug 1s
provided. The method may include (1) deploying a drug
delivery device into a human or animal subject, where the
drug delivery device has a first compartment containing a
drug 1n a dry, solid form, a second compartment containing
a liquid carrier for the drug, a rupturable barrier or mechani-
cal valve between the first and second compartments, and an
expansion member and actuation system; (11) actuating the
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actuation system to cause the expansion member to expand
and rupture the rupturable barrier or open the mechanical
valve thereby fluidly connecting the first and second com-
partments; (1) mixing the liquid carrier with the drug to
form a reconstituted drug solution or suspension; and (1v)
releasing the reconstituted drug solution or suspension from
the first and/or second compartment.

Various embodiments and features of the drug delivery
devices and methods are described 1n greater detail herein-
aiter.

Housing and Contents

The device includes a housing having at least a first
compartment and a second compartment. The housing may
be configured to facilitate deployment of the drug delivery
device within a lumen of a human or animal subject. For
example, the housing configuration may be based upon the
particular lumenal site and human or animal anatomical
considerations, for deployment with mimmal discomiort to
the patient. In certain embodiments, the device may be
placed within the lumen by insertion into the lumen via an
exterior body orifice. Accordingly, in certain embodiments,
the housing 1s shaped and dimensioned to allow insertion
and placement, 1.e., deployment, of the device within the
intended lumen via the exterior body orifice. For example,
the housing may be shaped and dimensioned for the repro-
ductive tract, such as for vaginal, cervical, or uterine inser-
tion and placement, or for nasal, or rectal insertion and
placement. As shown in FIGS. 1A-1D, the housing 102 may
be an elongated, substantially cylindrical shape. For
example, this configuration may be appropriate for vaginal
device deployment 1n livestock, such as cattle, sheep, efc.

The materials of construction, size, shape, surface fea-
tures, and other characteristics of the housing are configured
such that the device can be deployed into the body of a
patient, retained in the patient during operation of the
device, and retrieved or recovered from the patient following
operation of the device or when otherwise desired to be
removed. For example, the device may be deployed until the
drug formulation payload 1s depleted.

The housing may be formed of essentially any biocom-
patible material. Moreover, the housing material may be
resistant to degradation in the mucosal environment of a
tissue lumen or the gastrointestinal tract of a patient.
Examples of suitable housing materials include stainless
steel, titanium, and certain polymers. For example, the
housing may be formed of polypropylene. The housing
material may include a coating to enhance biocompatibility
and/or operation of the device. For example, the housing
may 1nclude a silicone coating on at least a part of the
housing.

In the embodiment shown 1n FIG. 1A-D, two compart-
ments are located within the housing. The first compartment
104 contains a drug 106 1n a dry, solid form. For example,
the drug 106 may be a lyophilized drug formulation. The
second compartment 108 contains a liqud carrier for the
drug 106 and 1s flmdly connectable to the first compartment
104 by a rupturable barrier or mechanical valve 112. For
example, the rupturable barrier may include a breakable or
dissolvable seal. In some embodiments, the second com-
partment contains a drug 1n a dry, solid form and the first
compartment contains a liqud carrier for the drug.

The first and second compartments may be disposed
within the housing such that they are adjacent to each other.
The compartments may be sized to contain proportional
volumes of drug and liquid carrier to create the desired
composition of the drug solution or suspension. The com-
partments may also have a combined shape similar to that of
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the housing and be configured such that the compartments
occupy a majority of the volume of the housing. In certain
embodiments, the compartments are elongated and have a
circular cross-sectional shape. Other cross-sectional shapes
are also envisioned. The compartments may include a mix-
ing structure, such as grooves in or raised fins or other
features on the interior surfaces.

An expansion member 114 1s located within or adjacent to

the second compartment 108. In one embodiment, as shown
in FIG. 1A, the expansion member 114 1s located within the
second compartment 108. In another embodiment, as shown
in FIG. 4A, the expansion member 414 1s located outside
and adjacent the second compartment 408.
The housing may contain more than one expansion mem-
ber, and more than one pair of first and second compart-
ments. In addition or in the alternative, each pair of first and
second compartments may include two or more expansion
members that cooperate to rupture one or both of the
compartments.

The expansion member may be a balloon-like structure
that expands or inflates to drive the liquid carrier into the
first compartment and/or mix the liquid carrier and drug. For
example, the expandable membrane may comprise a flex-
ible, elastomeric sheet. Exemplary elastomeric sheets
include polyester films. The expansion member 1s optionally
coated with a metallized film on one or both surfaces for
gas-tight sealing. In certain embodiments, the device 1is
configured such that continued expansion of the expansion
member causes the reconstituted drug solution or suspension
to be expelled from the device via a release outlet 1n at least
one of the first and second compartments. For example, the
first and/or second compartments may include one or more
release outlets therein. As shown 1n FIGS. 1A-1B, a single
release outlet 124 may be included in the first compartment
104. As shown i FIG. 7, a release outlet 726 may be
included in the second compartment 708.

The device also includes an actuation system operably
connected to the expansion member. The actuation system
may be included within the housing. The actuation system
generally 1s configured to expand the expansion member to
rupture the rupturable barrier and/or open the mechanical
valve, which 1n turn permits the liquid carrier to flow 1nto the
first compartment and mix with the drug to form a recon-
stituted drug solution or suspension. The expandable mem-
brane and/or mechanical valve may be operably connected
to the actuation system. For example, the actuation system
may be fluidly connected to the expandable membrane such
that generation or release of a gas within the actuation
system causes the swelling or expansion of the expansion
member.

In one embodiment, the rupturable barrier includes a
breakable or dissolvable seal. For example, as shown 1 FIG.
1A-1D, the rupturable barrier 112 may be a breakable seal
that 1s configured to break upon application of a predeter-
mined force from the expanding expansion member 114.
Exemplary rupturable barriers include metallized films,
polymer membranes, and combinations thereotf. The ruptur-
able barrier may also be configured to rupture upon appli-
cation of a force from a manual process. For example, the
rupturable barrier may be configured to break 1n response to
a user-initiated process such as shaking the device, pressing
a button, or pulling a tab immediately prior to implantation
of the device 1n a human or animal subject. In such embodi-
ments, the expansion member acts only to mix and dispense
the reconstituted drug formulation. For example, the dry
solid form of the drug may have sharp edges or may be
formulated with excipient particles having sharp edges,
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where the sharp edges are eflective to puncture the barrier
upon a user vigorously shaking the device.

Alternatively, the rupturable barrier may include a
degradable seal that dissolves, erodes, or otherwise degrades
alter a predetermined period of exposure to (contact with)
the liquid carrier. The barrier may be configured such that
the seal 1s weakened over time, but not ruptured until
contacted by the expanding expansion member. The ruptur-
able barrier may be configured to dissolve upon exposure to
a specified condition such as high temperature, ultrasonic
waves, or a certain light wavelength. For example, high
temperature conditions may be provided by a heat source
external to the device or housed on-board the device, such
as an electrical resistor embedded in the barrier. For
example, the barrier may be formed of a photomechanical or
thermomechanical material that ruptures under specified
light wavelengths or temperatures. For example, the barrier
may be formed of a brittle material configured to crack or
shatter when laser or acoustic (e.g., ultrasonic) energy 1s
applied to it. For example, the barrier may be formed of a
metal film, such as a zinc film, configured to act as a
sacrificial anode of a galvanic cell and at least partially
corrode upon activation of a circuit containing the film. The
barrier may also be a porous polymer coated with a metal
film configured to at least partially corrode, thereby expos-
ing the pores.

In another embodiment, the first and second compart-
ments are separated by a mechanical valve. For example, the
mechanical valve may include a diaphragm, a plunger, a
one-way valve, a crack valve, a deformable wall, or a
movable wall. The mechanical valve may be operably
connected to the actuation system such that upon actuation,
the mechanical valve 1s opened. Opening of the mechanical
valve may be independent of the expansion of the expansion
member. For example, as shown in FIG. 2A-2D, the
mechanical valve 212 may be opened to allow the liquid
carrier 210 to flow into the first compartment 204 and mix
with drug 206, independently of the expansion of the expan-
sion member 214. The actuation system may be configured
to open the mechanical valve and simultaneously expand the
expansion member to mix the drug and liquid carrier and/or
drive the drug solution or suspension out of the compart-
ments.

In one embodiment, as shown 1n FIGS. 3A-3D, the
expansion member 314 includes a spike member 320 effec-
tive to puncture the rupturable barrier 312 upon expansion of
the expansion member 314. The expansion member may
also include multiple spike members. For example, the spike
member may be formed of the same material as the expan-
sion member. Alternatively, the spike member may be
formed 1 a metallized film deposited on the expansion
member. For example, the metallized film may include a
concentration of metal deposits that form the spike member.
In one embodiment, the expansion member 1s formed by
sealing two material layers together and the spike member 1s
created at the seal. For example, the spike member may only
be formed in response to suflicient pressure within the
expansion member. In one embodiment, the spike member 1s
ferromagnetic and held 1 place by a magnet on the opposite
surface of the expansion member.

In one embodiment, as shown in FIGS. SA-5D, the
expansion member 514 includes a protrusion member 520
ellective to open the mechanical valve 512 upon expansion
of the expansion member 514. For example, the protrusion
member and mechanical valve may act as a key and lock,
with the protrusion member eflective to open the mechanical
valve upon mating of the protrusion member and mechanical
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valve. For example, the mechanical valve may include a
plug formed of a material that expands to a specified
volume, thereby forming an opening in the valve, and be
s1zed and shaped such that the plug’s geometry prevents the
plug from resealing the valve. For example, the plug may
have a trapezoidal shape and expand when exposed to a
specific condition such as pressure or temperature. Alterna-
tively, the valve may include a plug that forms an opening
in the valve, such as by a shape change, when electrically,
optically, or magnetically 1nitiated.

In certain embodiments, a release outlet may be included
in a third compartment contained in the housing. For
example, the third compartment may be empty and sepa-
rated from the first and/or second compartment by a ruptur-
able barrier or mechanical valve. The rupturable barrier or
mechanical valve may be ruptured or opened to allow the
drug and liquid carrier to flow into the third compartment.
The third compartment may provide additional volume 1n
which the drug solution may be mixed and reconstituted.

In certain embodiments, the interior surface(s) of the first
and/or second compartments have a hydrophobic or hydro-
philic coating. The selection of the coating may depend on
the hydrophilicity of the drug solution or suspension or other
characteristics of the drug or carrier flmd. For example, the
coating may be designed to facilitate the tflow of the drug
solution or suspension within or out of the first and second
compartments.

The device may include more than one of the drug storage
and reconstitution units described above. For example, as
shown 1n FIG. 6, the device 600 may include a first housing
602 containing a {irst drug storage and reconstitution unit
and a second housing 618 containing a second drug storage
and reconstitution unit within the device. Each unit may
have a first compartment and second compartment contain-
ing a drug 1n a dry, solid form and a liquid carrier for the
drug, respectively. For example, a multi-unit device may be
used to reconstitute and deliver a multiples doses of a drug
solution or suspension (of the same drug or different drugs)
to a human patient or animal subject over a dosing schedule,
which may be predetermined or adjusted based on a sensor
teedback or other considerations following 1n vivo deploy-
ment of the device. In one embodiment, the device may have
two, three, or more of these housing units arranged in
parallel and operable with separate or shared actuation
system. This may further include a shared microcontroller,
which may be on-board the device.

Actuation System

The device includes an actuation system which 1s config-
ured to expand the expansion member to rupture the rup-
turable barrier or to open the mechanical valve, or to do
both. For example, the expandable membrane and/or
mechanical valve may be operably connected to the actua-
tion system. The actuation system may also be operable to
open one or more release outlets 1n the first and/or second
compartments. In one embodiment, as shown in FIGS.
2C-2D, the actuation system 216 opens mechanical valve
212 and expands expansion member 214 simultaneously.

Generally, the actuation system 1s configured to expand
the expansion member by an increase in pressure within
and/or swelling of the expansion member or of a substance
within the expansion member. In one embodiment, these
may be triggered by generation of gas from a chemical
reaction or release of a compressed gas from a containment
vessel, within the actuation system. In another embodiment,
the actuation system includes one or more mechanical or
clectromechanical displacement mechanisms, such as a
spring or piezoelectric structure. The actuation system also
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may include one or more power sources, microcontrollers,
microvalves, microcontainment vessels, and the like.

The power source may be any source of mechanical,
clectrical power or electromechanical power. The power
source may include one or more batteries or fuel cells.

The microcontroller may be configured to control the
actuation system ol the device, and thereby control the
timing of the opening of the mechanical valve and/or release
outlet(s), the expansion of the expansion member, and the
mixing and release of the drug solution. For example, the
microcontroller may selectively transmit electrical or
mechanical power to the actuation mechanism, expanding,
the expansion member, opening the mechanical valve, and/
or opening the release outlet(s). The microcontroller may be
configured to control the timing of reconstitution and deliv-
ery of the drug solution by applying the necessary electrical
potentials to the actuation mechanism. The controller may
be programmable or it may be pre-programmed to recon-
stitute and deliver the drug solution 1 accordance with a
prescribed release schedule.

The actuation mechanism may include fluid-volume dis-
placement, mechanical displacement, osmotic swelling dis-
placement, electrostatically-induced compression, piezo-
clectric actuation, thermally/magnetically induced phase
transformation, or combinations thereof, to expand the
expansion member via positive displacement. Similarly, the
actuation mechanism may be configured to open the
mechanical valve and/or the release outlet(s) via similar
mechanical, electrical, magnetic, pneumatic, or hydraulic
forces.

In certain embodiments, as shown 1n FIGS. 1B-1D, the
actuation system 116 1s configured to generate a displace-
ment fluid 124 1n operable communication with the expan-
sion member 114 to expand the expansion member. For
example, the expansion member may mix the liquid carrier
and drug to constitute a drug solution and drive the drug
solution out of the compartments via a positive displacement
process. In certain embodiments, the actuation system 1s
configured to expand and contract the expansion member to
produce a mixing action. For example, the expansion mem-
ber may be inflated, deflated, and reinflated to mix the liquid
carrier and drug to reconstitute the drug solution.

In certain embodiments, the actuation system 1ncludes an
clectrochemical pump. The actuation system may include an
clectrolytic cell having a cathode and an anode which
contact water or an aqueous solution to generate displace-
ment a gas, such as oxygen, to drive the first and second drug,
formulations out of the first and second reservoirs, respec-
tively.

In one embodiment, a channel 1s provided in the housing
to allow aqueous secretions from the mucosal tissue of the
lumen 1n which the device 1s deployed to contact the cathode
and anode. In one embodiment, water or an aqueous solution
1s contained on-board the device. For example, the actuation
system may include a reservoir containing an electrolytic
solution, for example an 1onic solution such as sodium
nitrite. In one embodiment, the actuation system includes a
reservoir containing deionized water and a solid electrolyte
contacting the surfaces of the cathode and anode. For
example, the solid electrolyte may be nafion, a sulfonated
tetrafluoroethylene based fluoropolymer-copolymer, which
also enables reversible electrolysis.

An electrical potential of about 1.0 V or greater may be
applied to the electrodes of the electrolytic cell to generate
oxygen at the anode. The reaction at the anode 1s described
by EQ. 1. In the water, at the negatively charged cathode, a
reduction reaction takes place, with electrons from the
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cathode being given to the hydrogen cations to form hydro-
gen gas as shown i EQ. 2. The pressure exerted by the
generated oxygen and hydrogen causes the expansion mem-
ber to expand through the compartments, thereby rupturing
the rupturable barrier, opening the mechanical valve, mixing
the liquid carner and drug, and/or driving the reconstituted
drug solution from the compartments.

The production of oxygen and hydrogen may be con-
trolled by the power source and a microcontroller that 1s
programmed to supply an electrical potential to the cathode
and anode at a selected time.

2H,O0()—=0-,(g)+4H (ag)+de™ EQ. 1

2HY(ag)+2e —H,(g) EQ. 2

In other embodiments, the actuation system 1s configured
to expand the expansion member via positive displacement
cllectuated by the enlargement of a component within the
actuation system, for example, a swellable material (such as
a swellable gel) or an enlargeable repository. In some
embodiments, the expansion member 1s expanded by
osmotic swelling displacement. Optionally, one or more
valves may be provided to selectively control the ingress of
water 1nto the repository or swellable material. For example,
water from the lumen 1n which the device 1s deployed may
be drawn 1nto a repository or swellable material, causing the
repository or swellable material to expand 1n volume. The
expansion ol the repository or swellable material may
expand the expansion member. The actuation of the valve
may be controlled by the microcontroller.

In other embodiments, the expansion member 1s expanded
by an expansive force supplied by an induced phase trans-
formation. For example, the actuation system may include
an expandable repository containing a phase-transformable
material. The phase-transformable material may be any
liquid or solid that will undergo a phase transition from solid
or liquid to gas when heated or subjected to an electro-
magnetic field. When the material transforms to a gas, the
material expands, thereby expanding the expansion member.
The actuation of the phase-transformation may be controlled
by the microcontroller.

In other embodiments, the expansion member 1s expanded
by electrostatically-induced compression or using a piezo-
clectric actuator. For example, a dielectric elastomeric actua-
tor or piezoelectric actuator may be arranged such that a
change in voltage or current to the actuator causes the
actuator to exert a compressive force on the expansion
member. The actuation of the actuator may be controlled by
the microcontroller.

In other embodiments, positive displacement of the
expansion member 1s achieved by mechanical displacement.
For example, the mechanical displacement may mnvolve a
piston or a spring.

In certain embodiments, the actuation system further
includes a wireless receiver for receiving wireless control
signals from a separate, detached transmitting device. The
device may be deployed into the patient by the patient,
physician, veterinarian, or the like, and thereafter, the
patient, physician, veterinarian, or the like, may actuate the
release of the drug formulations using the transmitting
device to transmit control signals to the deployed device.
Furthermore, 1n some embodiments, the receiver and trans-
mitting device may both be transceivers capable of trans-
mitting and receiving control signals and other communi-
cations 1from each other. Accordingly, 1n certain
embodiments, the transcerver may transmit data relevant to
the operation of the device, such as data regarding the
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actuation of the expansion member, mechanical valve, and/
or release outlet(s), the amount of drug solution remaining
in the reservoir, and the remaining battery charge, as well as
data relevant to the deployment environment, such as data
detected or measured by an 1ntegral sensor. In some embodi-
ments, the actuation system may also be wirelessly powered.

In certain embodiments, the device 1s configured for
wireless operation, e.g., following deployment in the human
or amimal subject. In such cases, the device includes appro-
priate telemetry components as known in the art. For
example, actuation of the drug solution reconstitution and
dispensing may be done from a remote controller, e.g.,
external to the human or animal subject. Generally, the
telemetry (1.e., the transmitting and receiving) 1s accom-
plished using a first coil to mductively couple electromag-
netic energy to a matching/corresponding second coil. The
means ol doing this are well established, with various
modulation schemes such as amplitude or frequency modu-
lation used to transmit the data on a carrier frequency. The
choice of the carrier frequency and modulation scheme will
depend on the location of the device and the bandwidth
required, among other factors. Other data telemetry systems
known 1n the art also may be used. In another case, the
device 1s configured to be remotely powered, or charged. For
example, the device may include a transducer for receiving
energy wirelessly transmitted to the device, circuitry for
directing or converting the received power into a form that
can be used or stored, and 1f stored, a storage device, such
as a rechargeable battery or capacitor. In still another case,
the device 1s both wirelessly powered and wirelessly con-
trolled.

In some embodiments, the actuation system may further
include one or more sensors for analyzing the environment
around the device. For example, a sensor may be employed
to detect the temperature or the presence of a drug-degrading,
enzyme 1n a lumen 1 which the device 1s deployed. In such
embodiments, the microcontroller may be further configured
to dispense the drug solution after the abatement of the
drug-degrading enzyme 1s detected or other suitable envi-
ronmental conditions are detected for drug delivery.

Drug Solutions and Suspensions

The devices and methods described herein advanta-
geously allow for the separate storage of a drug 1n a dry,
solid form 1n the first compartment and a liqud carrier for
the drug in the second compartment. The drug and liquid
carrier are combined to form a drug solution suspension to
be administered to a human or animal subject, such as a
patient. The term “drug solution or suspension™ as used
broadly to refer to essentially any heterogeneous or homo-
geneous tuid (flowable) combination of the drug and liquid
carrier, including but not limited to liquid solutions, solid-
liquid suspensions, colloids, emulsions, dispersions, or com-
binations thereof.

In certain embodiments, the drug 1s a lyophilized drug
formulation. For example, the drug formulation may include
biologically active molecules such as hormones, multivita-
min formulations, nucleic acids, and peptide or protein drugs
including, but not limited to, antibodies. The drug may be 1n
the form of microparticles or nanoparticles. The micropar-
ticles or nanoparticles may be coated with the drug or
embedded with the drug such that the drug difluses out of the
particle or the particle dissolves to release the drug when the
particle 1s contacted with liquid. For example, the drug may
be encased 1n crystallized salt microparticles or nanopar-
ticles that dissolve to release the drug upon contact with
liquid. The dry, solid form of the drug may be substantially
pure or it may include one or more excipients known 1n the
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art. The dry, solid drug may be provided on a protrusion
member within the first or second compartment to avoid
incomplete suspension resulting from incomplete wetting of
the surfaces within the compartment.

The liquid carrier can be essentially any pharmaceutically
acceptable excipient appropriate for combining with the
particular drug. The liquid carrier may be aqueous or non-
aqueous. The liquid carrier may include sterile water. The
liquid carrier may include an organic liquid, such as poly-
cthylene glycol, propylene glycol, or a fixed oil. The liquid
carrier may also include one or more excipients needed to
facilitate the drug’s mixing with the liquid carrier, release
from the device, and subsequent administration to a tissue
site 1n the human or animal subject. For example, the liquid
carrter may include pH adjustors, surfactants, viscosity
modifiers, etc.

The device may be used to deliver a battery of drug
formulations for a combination therapy, prophylaxis, or for
another specific treatment.

In embodiments, the drug includes one or more proteins,
peptides, or prodrugs. In some embodiments, the drug
delivery device may be used to administer hormones or
steroids, including, but not limited to, follicle stimulating
hormone, parathyroid hormone, Iluteimzing hormone,
gonadotropin-releasing hormone (GnRH), estradiol, proges-
terone, melatonin, serotonin, thyroxine, triiodothyronine,
epinephrine, norepinephrine, dopamine, antimullerian hor-
mone, adiponectin, adrenocorticotropic hormone, angio-
tensinogen, angiotensin, antidiuretic hormone, atrial-natri-
uretic peptide, calcitonin, cholecystokinin, corticotropin-
releasing hormone, erythropoietin, gastrin, ghrelin,
glucagon, growth hormone-releasing hormone, human cho-
rionic gonadotropin, human placental lactogen, growth hor-
mone, inhibin, insulin, nsulin-like growth factor, leptin,
melanocyte stimulating hormone, orexin, oxytocin, prolac-
tin, relaxin, secretin, somatostatin, thrombopoietin, thyroid-
stimulating hormone, thyrotropin-releasing hormone, corti-
sol, aldosterone, testosterone, dehydroepiandrosterone,
androstenedione, dihydrotestosterone, estrone, estriol, cal-
citriol, calcidiol, prostaglandins, leukotrienes, prostacyclin,
thromboxane, prolactin releasing hormone, lipotropin, brain
natriuretic peptide, neuropeptide Y, histamine, endothelin,
enkephalin, renin, and pancreatic polypeptide.

In some embodiments, the drug delivery device may be
used to administer cytokine signaling molecules or immu-
nomodulating agents that are used in cellular communica-
tion. These molecules commonly comprise proteins, pep-
tides, or glycoproteins. Cytokine signaling molecules
include, for example, the four a-helix bundle family which
includes the IL-2 subfamily (e.g., erythropoietin (EPO) and
thrombopoietin (THPO)), the interferon (IFN) subfamily
and the IL-10 subfamily. Cytokine signaling molecules also
include the IL-1, IL-18, and IL.-17 families.

In some embodiments, the drug delivery device may be
used to adminmister drug solutions for pain management,
including, but not limited to, corticosteroids, opioids, anti-
depressants, anticonvulsants (antiseizure medications), non-
steroidal anti-inflammatory drugs, COX2 inhibitors (e.g.,
rofecoxib and celecoxib), ticyclic antidepressants (e.g., ami-
triptyline), carbamazepine, gabapentin and pregabalin,
codeine, oxycodone, hydrocodone, diamorphine, and pethi-
dine.

In some embodiments, the drug delivery device may be
used to administer cardiovascular drug solutions. Examples
include B-type natriuretic peptide (BNP), atrial natriuretic
peptide (ANP), atrial natriuretic factor (ANF), atrial natri-
uretic hormone (ANH), and atriopeptin. Cardiovascular
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drug formulations that may be administered by the device
also 1nclude, for example, antiarrhythmic agents, such as
Type I (sodium channel blockers), including quinidine,
lidocaine, phenytoin, propatenone; Type II (beta blockers),
including metoprolol; Type III (potassium channel block-
ers), including amiodarone, doifetilide, sotalol; Type IV
(slow calcium channel blockers), including diltiazem, vera-
pamil; Type V (cardiac glycosides), including adenosine and
digoxin. Other cardiacvascular drug solutions that may be
administered by the device include ACE inhibitors, such as,
for example, captopril, enalapril, perindopril, ramaipril;
angiotensin II receptor antagonists, such as, for example,
candesartan, eprosartan, irbesartan, losartan, telmisartan,
valsartan; beta blocker; and calcium channel blocker.

In some embodiments, the drug solutions may include
components that are degradable by the enzymes present 1n
the fluid secreted by, or otherwise present in, the mucosal
tissue. For example, certain amino acids present in drug
solutions may be degraded by the enzymes present in tluid
secreted by the mucosal tissue. Accordingly, the devices and

methods described herein may further include one or more
of the permeation enhancement mechanisms described 1n

U.S. Patent Application Publications No. 2011/0087195,
No. 2011/0087192, and No. 2011/087153, the disclosures of
which are incorporated herein by reference 1n pertinent part.
In some embodiments, the drug solutions may include
components that are degradable by the acidic pH of the
lumenal fluid.

Methods of Use

Methods are provided for storing, reconstituting, and
delivering a drug solution or suspension to human and
amimal patients. The drug delivery devices may include any
of the device features described herein and may be used for
various medical and therapeutic applications. The methods
include deploying a drug delivery device mto a human or
amimal subject. For example, the subject may be a mamma-
lian amimal (e.g., cow, sheep, horse, pig, or dog). The
methods include various medical and veterinary therapies,
as well as animal husbandry applications. In some embodi-
ments, the device may be implantable. For example, the
device may be adapted to be deployed 1n a lumen of a
subject. As illustrated 1n FIGS. 1A-1D, the drug delivery
device 100 may be placed 1n a lumen 128. The drug delivery
device may be held in place by irictional engagement
between the mucosal tissue and the housing. The lumen may
be a vagina, cervix, uterus, bladder, or rectum. The device
may be adapted to contact essentially any mucosal tissue
surface. The device may be placed 1n the lumen by 1nserting
the device through an exterior orifice of the patient into the
lumen. In some embodiments, the device may be 1n a form
that may be orally administered for delivery of a drug via the
mucosal tissue of the gastrointestinal tract.

As shown 1n FIGS. 1A-1D, the drug delivery device 100
includes a first compartment 104 contaiming a drug 106 1n a
dry, solid form, a second compartment 108 containing a
liguud carrier 110 for the drug 106, and an expansion
member 114. The second compartment 108 1s tfluidly con-
nectable to the first compartment 104 by a rupturable barrier
112. After the drug delivery device 100 1s deployed 1n lumen
128, the expansion member 114 1s expanded to rupture the
rupturable barrier 112. Once the barrier 112 1s ruptured, the
liquid carrier 110 1s permitted to flow 1nto the first compart-
ment 104. The liquad carrier 110 1s mixed with the drug 106
to form a reconstituted drug solution and the reconstituted
drug solution 1s released from the first compartment 104 via

outlet 124.
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The rupturable barrier may also be configured to rupture
upon application of a force from a manual process. For
example, the rupturable barrier may be configured to break
in response to a user-initiated process such as shaking the
device, pressing a button, or pulling a tab prior to device
implantation. In such embodiments, the expansion member
acts only to mix and dispense the reconstituted drug formu-
lation. For example, the drug may be 1n the form of sharp
particles that puncture the barrier upon a user shaking the
device.

The outlet 124 may be opened simultaneously with the
expansion ol expansion member 114. Alternatively, as
shown 1n FIG. 2, the outlet 224 may be opened after
reconstitution of the drug solution.

In other embodiments, as shown 1n FIGS. 2A-2D, the first
compartment 204 of device 200 1s tfluidly connectable to the
second compartment 208 by a mechanical valve 212. After
the device 200 1s deployed, actuation system 216 opens
mechanical valve 212 and expands expansion member 21 to
permit and encourage liquid carrier 210 to flow 1nto the first
compartment 204 and mix with drug 206.

In certain embodiments, the liquid carrier may tlow from
the second compartment into the first compartment via a
pressure diflerential (e.g., the first compartment 1s stored in
a vacuum or flmd was pumped out of the first compartment).
In certain embodiments, the expansion of the expansion
member at least partly drives the liquid carrier into the first
compartment. The liquid carrier 1s mixed with the drug to
form a reconstituted drug solution or suspension and the
reconstituted drug solution or suspension 1s released from
the first and/or second compartment.

For example, the actuation system may be configured to
open the mechanical valve and expand the expansion mem-
ber simultaneously or according to a specific timing sched-
ule. In one embodiment, the actuation system 1s configured
to open the mechanical valve to allow the liquid carrier to
flow 1nto the first compartment prior to the expansion of the
expansion member, which 1s eflective to mix the liquid
carrier and drug as well as drive the reconstituted drug
solution or suspension out of the compartments. In another
embodiment, as shown 1n FIGS. 2C-2D, the actuation sys-
tem 216 opens mechanical valve 212 and expands expansion
member 214 simultaneously.

In one embodiment, the step of mixing the liquid carrier
with the drug includes expanding and contracting the expan-
sion member. For example, the expansion member may be
inflated, deflated, and reinflated to mix the liquid carrier and
drug to reconstitute the drug solution or suspension. In
certain embodiments, the step of releasing the reconstituted
drug solution or suspension involves expanding the expan-
sion member 1nto the first and/or second compartments to
displace the reconstituted drug solution therein through at
least one release outlet 1n at least one in the first and/or
second compartments.

As shown 1n FIG. 7, a release outlet 726 may be included
in the second compartment 708. For example, the release
outlet may be included in the second compartment 1in
embodiments 1n which the second compartment contains a
drug 1n a dry, solid form and the first compartment contains
a liquid carrier for the drug, such that the expansion member
may act as a gating mechanism by blocking the outlet upon
expansion and allowing the reconstituted drug formulation
to exit the housing only after the expansion member 1s
collapsed. For example, this may be advantageous to prevent

dispensing of the drug prior to reconstitution or mixing.
FIGS. 3A-3D, 4A-4D, and SA-5D 1illustrate embodiments

of the methods described herein. For example, FIGS. 3A-3D
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show device 300 having an expansion member 314 includ-
ing spike member 320. Upon actuation, expansion member
314 cxpands and causes spike member 320 to progress
toward and rupture rupturable barrier 312, permitting the
liquad carrier 310 to tlow 1nto the first compartment 304 and
mix with the drug 306 to form a reconstituted drug solution.
FIGS. 4A-4D show a device 400 1n which the expansion
member 414 1s located outside and adjacent second com-
partment 408 so as to reduce contact between the expansion
member 414 and the drug solution. Upon actuation, expan-
sion member 414 1s expanded within third compartment 430
such that spike member 420 ruptures rupturable barrier 412,
permitting the liquid carrier 410 to flow into the first
compartment 404 and mix with the drug 406 to form a
reconstituted drug solution. FIGS. 5A-5D illustrate device
500 in which expansion member 514 includes protrusion
member 520. Upon actuation, expansion member 514
expands, thereby causing protrusion member 520 to mate
with mechanical valve 512, causing the valve 512 to open
and permitting the liquid carrier 510 to flow 1nto the first
compartment 504 and mix with the drug 506 to form a
reconstituted drug solution.

The drug delivery devices may include any of the device
teatures described herein. For example, the device may
include a microcontroller configured to control the actuation
system, and thereby control the timing of the release of the
drug solution. Additionally, the devices described herein
may further include any of the drug delivery device features
described 1n U.S. patent application Ser. No. 13/629,159,
entitled “Multiple Reservoir Drug Delivery Device and
Methods”, now U.S. Pat. No. 9,005,108, and U.S. patent
application Ser. No. 13/629,124, entitled “Single Channel,
Multiple Drug Delivery Devices and Methods,” which are
filed concurrently herewith and the disclosures of which are
incorporated herein by reference 1n their entirety.

It will be appreciated that various of the above-disclosed
and other features and functions, or alternatives thereof, may
be desirably combined into many other different devices,
methods, or applications. Various presently unforeseen or
unanticipated alternatives, modifications, variations, or
improvements therein may be subsequently made by those
skilled 1n the art which are also intended to be encompassed

by the following claims.

We claim:

1. A drug delivery device comprising:

a housing configuration for implantation in a human or
amimal subject which comprises:

a first compartment containing a drug i a dry, solid
form:

a second compartment containing a liquid carrier for
the drug, the second compartment being fluidly
connectable to the first compartment by a rupturable
barrier or mechanical valve; and

an expansion member located within or adjacent to the
first or second compartment, wherein the expansion
member 1s a balloon structure comprising a flexible,
elastomeric sheet; and

an actuation system configured to expand the expansion
member to rupture the rupturable barrier or open the
mechanical valve and to expand and contract the
expansion member to produce a mixing action to
permit the liquid carrier to tlow into the first compart-
ment and mix with the drug to form a reconstituted drug
solution.
2. The device of claim 1, wherein the device 1s configured
such that continued expansion of the expansion member
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causes the reconstituted drug solution to be expelled from
the device via a release outlet 1n at least one of the first and
second compartments.

3. The device of claim 1, wherein the actuation system 1s
configured to generate a displacement fluid that expands the
expansion member.

4. The device of claim 1, wherein the actuation system
comprises an electrochemical pump.

5. The device of claim 1, wherein the rupturable barrier
comprises a frable or dissolvable seal.

6. The device of claim 1, wherein the device 1s configured
for intravaginal retention in the human or animal subject.

7. The device of claim 1, further comprising at least one
additional housing.

8. The device of claim 1, wherein the expansion member
comprises a protrusion member eflective to open the
mechanical valve upon expansion of the expansion member.

9. The device of claim 1, wherein the expansion member
comprises a spike member eflective to puncture the ruptur-
able barrier upon expansion of the expansion member.

10. The device of claim 1, wherein the drug comprises a
lyophilized drug formulation.

11. The device of claim 1, wherein an interior surface of
the first and/or second compartments comprises a hydro-
phobic or hydrophilic coating.

12. The device of claim 1, wherein the liquid carrier
comprises water and one or more pharmaceutically accept-
able excipients.

13. A method of delivering a drug comprising:

deploying a drug delivery device into a human or animal

subject, wherein the drug delivery device comprises a
first compartment containing a drug 1n a dry, solid form
and a second compartment containing a liqud carrier
for the drug;

inflating an expandable membrane to rupture a rupturable

barrier or open a mechanical valve to fluidly connect
the first and second compartments;

mixing the liquid carrier with the drug to form a recon-

stituted drug solution, wherein the step of mixing the
liquid carrier with the drug comprises expanding and
contracting the expandable membrane; and

releasing the reconstituted drug solution from the first

and/or second compartment.

14. The method of claim 13, wherein the drug comprises
a lyophilized drug formulation.

15. The method of claim 13, wherein the step of releasing
the reconstituted drug solution comprises inflating the
expandable membrane to displace the reconstituted drug
solution from the first and/or second compartments through
at least one release outlet in at least one 1n the first and/or
second compartments.

16. The method of claim 13, wherein the expansion
member comprises a protrusion member eflective to open
the mechanical valve upon expansion of the expansion
member.

17. The method of claim 13, wherein the expansion
member comprises a spike member eflective to puncture the
rupturable barrier upon expansion of the expansion member.

18. The method of claim 13, wherein the drug delivery
device 1s deployed into the human or animal subject intra-
vaginally.

19. A drug delivery device comprising;:

a first compartment containing a drug in a dry, solid form:;

a second compartment containing a liquid carrier for the

drug, the second compartment being fluidly connect-
able to the first compartment by a rupturable barrier;
an expansion member; and
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an actuation system configured to expand and contract the
expansion member to mix the liquid carrier with the
drug, after the rupturable barrier 1s ruptured, to form a
reconstituted drug solution and expel the reconstituted
drug solution from the device via a release outlet.

20. The device of claim 19, wherein the rupturable barrier
comprises a material configured to degrade upon being
heated to a specified temperature and/or exposed to light
irradiation of a specified wavelength.

21. The device of claim 19, wherein the rupturable barrier
comprises a material soluble 1n the liquid carrier.

22. A method of administering a drug to a human or
amimal subject, the method comprising:

providing a drug delivery device which comprises:

a first compartment containing a drug in a dry, solid
form,
a second compartment containing a liquid carrier for

the drug, and

an expansion member;

rupturing a rupturable barrier to place the first and second
compartments 1 fluild communication with one
another:;

10

15

20

16

deploying the drug delivery device in the human or
animal subject; and

controlling the expansion member to (1) expand and
contract to facilitate mixing of the liquid carrier with
the drug to form a reconstituted drug solution, and (1)
release the reconstituted drug solution from a release
outlet of the device.

23. The method of claim 22, wherein the rupturing of the
rupturable barrier 1s performed prior to the deployment of
the drug delivery device in the human or animal subject.

24. The method of claim 23, wherein the step of rupturing
the rupturable barrier comprises manually shaking the
device.

25. The method of claim 24, wherein the drug comprises
particles configured to puncture the rupturable barrier upon
shaking.

26. The method of claim 22, wherein the rupturing of the
rupturable barrier 1s performed after the deployment of the
drug delivery device in the human or animal subject.

27. The method of claim 22, wherein the drug delivery
device 1s deployed intravaginally in the human or animal
subject.
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